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Synopsis. 


The existence of an isotopic rule in addition to the product rule and the sum 
rule is demonstrated. This rule allows the calculation of all the frequencies of 
certain partly isotopically substituted compounds exclusively from the frequencies 
of the corresponding full-symmetry compounds. 

An equation between the secular determinants of the classes in question is 
a convenient expression for the rule. A detailed description is given of the pro- 
cedure for setting up this equation. The conditions for the validity of the rule 
are discussed, the result being roughly that the full-symmetry compounds 
should be either linear and symmetrical or plane, but of higher symmetry than 
Cs. Some of the rules are strictly valid within the harmonic approximation (and 
in fact better); others are based on the further approximation of separating low 
and high frequencies. In a special chapter the rules are formulated for molecules 
of some of the more important point groups. 

The rule is used to calculate the frequencies of all the partly deuterated spe- 
cies of acetylene and ethylene. The agreement with observed values is at least 
as good as for calculations based on a harmonic potential function. 


PRINTED IN DENMARK 
BIANCO LUNOS BOGTRYKKERI A/S 


I. INTRODUCTION 


he vibrational frequencies of isotopic molecules are closely related. From the 

common potential function one may always calculate all the frequencies of all the 
isotopic species. The potential function is, however, often unknown and it is of great 
importance to know all the rules connecting the frequencies of different isotopic species 
without the use of the potential function. 

Of such rules are known the product rule? and the sum rule”, The former gives 
one relation between definite frequencies of two isotopic species and the latter gives 
one relation between definite frequencies of three or more isotopic species. Neither 
of these, however, allow the calculation of all the frequencies of a definite class, 
except for very trivial cases. It is the aim of this paper to demonstrate the existence 
of a further rule allowing in many cases a calculation of all the frequencies of a par- 
tially isotopically substituted compound from the frequencies of the corresponding 
full-symmetry compounds, one "light” and one "heavy. 

The treatment of the rule presented in this paper is restricted to the case where 
each of the atoms in one symmetrically equivalent set is either one or the other of 
two isotopes. The theory could, however, easily be extended to cases with more than 
two isotopes. Cases with isotopic substitutions in more than one equivalent set of 
atoms will not be treated here. Further it should be noted that the rule concerns 
partially isotopically substituted compounds only, which means that the equivalent 
set of atoms in question should include at least two atoms. 

The validity of the rule and of an approximation sometimes included has been 
checked by calculations of all the frequencies of all the partly deuterated species of 
acetylene, ethylene and benzene. The agreement with observed frequencies is ex- 
cellent. The results for acetylene and ethylene are given in this paper. Those for 
benzene will be given in a following paper. 

Readers not interested in details of the theory may skip the chapters II 3, 4, 
and 5 (p. 6 to p. 12). A special chapter, II 8 (p. 13), is reserved for a detailed de- 
scription of the application of the rule to molecules of certain simple symmetries. 
This description covers most of the cases where the rule is valid, readers interested in 
other cases are referred to the above mentioned chapters. 


1 0. REDLICH, Z. phys. Chem. B 28, 371 (1935). 
RJ GEDECcCIUSKand ENS BMWILSON NJ Chem] Phys7 19, 1409(1951): 
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IRRRHEORS 
1. Hybrid Symmetry Classes. 


Before giving a general formulation of the isotopic frequency rule it may be 
appropriate to define what we shall call a "hybrid symmetry class”. 

In this paper we shall consider isotopic substitution in one symmetrically equi- 
valent set of atoms by a single isotope only, for instance the substitution of deuterium 
atoms for the hydrogen atoms in an equivalent set. If all the atoms of the equivalent 
set in question are either hydrogen or deuterium atoms we speak of a ”light”, re- 
spectively '"'heavy” compound. Both of these have the same (full) symmetry. If we 
have as well hydrogen as deuterium atoms in the set we speak of an "intermediate" 
compound, which will be of lower symmetry. 

The symmetry classes of an intermediate compound are always formed by 
amalgamation of two or more classes of the full-symmetry compounds. Thus, for 
instance, the A” class of ethylene-d; is formed from the 4,,, B1,,, B,, and Bz, classes 
of ethylene-d, or ethylene-d,. 

Considering these classes as one composite class, we shall for ethylene-d, de- 
note this class by 

ore Eee 
and for ethylene-d4 by 
AM, B.)' (B2,)"! (B2,)"4. 


If we take the constituent classes partly from ethylene-d, and partly from ethy- 
lene-d4 we may construct a class like, for instance: 


(414) (BY) (B2,) 0 (B3,)'0: 


Such a class we shall call a hybrid class corresponding to the AY class of ethylene-d,. 

A hybrid class is not a symmetry class in the usual sense, but in many respects 
it behaves like an ordinary class. Thus it contains certain symmetry coordinates and 
frequencies and it can be ascribed a secular determinant, a G matrix, etc. as discussed 
further below. 

The frequencies of a hybrid class are simply those of the constituent classes. 
The secular determinant, therefore, is the product of the secular determinants of the 
constituent classes. 

This product may conveniently be formed in the following way. Let us write 
all expanded secular determinants on the form: 


em ser ER eg Typ VEDR VDS 
BØ Hebe CO REE "CSR BEER er (GE) Cr 


If a hybrid class is built up from two classes I and II (of different compounds) with 
the coefficients c' and c" we get for the coefficients of the expansion for the hybrid 
class: 
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G=Ccitcr 
ik FAST 
Co = Cost Cc] Cc] + C3 (1) 
AE E flest ” STØD 7 2 
Cy Caco Cl FC] Cort Ce, 
etc. 


If a hybrid class is built up from more than two classes—as in the above case—it is 
convenient to form the coefficients of the hybrid class by joining the secular deter- 
minants of the constituent classes two by two successively. 

Concerning the G matrix of a hybrid class, see p. 6. 


2. General Formulation of the Isotopic Frequency Rule. 


In the following we shall show that in certain cases the secular determinant of a 
definite class of an intermediate compound may be given as a linear combination of 
the secular determinants of certain corresponding hybrid classes. If we again take the 
AÅ” class of ethylene-d, as an example it may be shown that the secular determinant 
is given by 

kK AL) = Fr ALENE (Bu) CB) (B3,)] 
TOM LAD Bu)! (Bf (CB) 0] 
FED EDP BD MB] 
BED BP) (5) (B39) 2]. 
where a class symbol in square brackets means the corresponding secular determinant. 

From this equation follows that every coefficient in the secular determinant of 
the AY class of ethylene-d, is a linear combination of the coefficients of four different 
hybrid classes. The coefficients of the hybrid classes are in turn given by the coefficients 


of the light and heavy compounds (Eq. (1)). All coefficients are further closely re- 
lated to the frequencies by the well-known relations: 


(2) 


C =D Aj | 

(2 == ør | (3) 
C2 = FSA; Åy År 

etc. 


where 4 = 477cy?, Therefore, whenever a relation of the form given in (2) exists, it 
is possible to calculate all the frequencies in that particular class of the intermediate 
compound directly from the corresponding frequencies of the light and heavy compounds 
without the use of force constants, geometrical parameters or atomic masses. 

We call such a rule a complete, isotopic rule, because it—contrary to the product 


rule and the sum rule—allows the calculation of all the frequencies in a given class. 
PÆ 
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This means that only in cases where no complete rules exist there is a need for further 
isotopic rules. 


In the following will be given the outlines only of a general proof for the existence 
of complete rules. We shall, however, discuss in detail the conditions for the validity 
of the rule as well as the principles for setting up the determinantal equation?". 


3. Condition for the Rule Expressed in Terms of Minors 
of the Isotopic G Matrices. 


The following treatmént of the problem is based on the use of external symmetry 
coordinates as discussed previously by one of the present authors”. The advantage 
of this system is that every single symmetry coordinate is expressed as a linear com- 
bination of cartesian displacement coordinates for one symmetrically equivalent set 
of atoms only. The symmetry coordinates are thus straight away separated correspond- 
ing to the different sets of atoms present in the molecule. 

Ås we are only going to discuss cases comprising isotopic substitution in one 
set of atoms at a time we are conveniently able to divide the symmetry coordinates 
up into isotopic and non-isotopic coordinates. Correspondingly, we may divide the 
elements of the G matrix up into isotopic and non-isotopic ones, as all elements 
corresponding to one isotopic and one non-isotopic coordinate will vanish identically. 
The submatrix of G made up of the isotopic elements only we shall call the isotopic 
G matrix. 

By expanding the secular determinant in terms of products of minors of |G| 
and corresponding minors of |F| it is seen that only non-vanishing |G |-minors, the 
corresponding |F|-minors of which are also non-vanishing, do contribute to the 
expansion. Ås such minors are of special interest for the present problem we shall 
in the following refer to them as contributing G-minors. They include all principal 
(symmetrical) minors of G, but only very few non-principal (unsymmetrical) ones?. 

Any minor of |G| may—just as the G matrix itself—be divided into an isotopic 
and a non-isotopic minor. The isotopic minors of the contributing |G|-minors are 
identical with the contributing minors of the isotopic G matrix. 

These remarks apply equally well to hybrid classes as to ordinary symmetry 
classes. The G matrix of a hybrid class is built up of the G matrices of the constituent 
classes as diagonal blocks, all other elements being zero. The G matrices of all the 
hybrid classes corresponding to a definite class are different, whereas the F matrices 
all are identical with that of the corresponding class of the intermediate compound. 

We can now express the condition for the validity of a complete, isotopic fre- 


quency rule like (2) in terms of the contributing minors of the isotopic G matrices 
of the symmetry classes in question. 


1 Readers may at a first reading skip to p. 12 or even to p. 13. 
2 SVEND BRODERSEN, Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 4. (1957). 
3 SVEND BRODERSEN, loc. cit. pag. 7. 
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Let us expand all the secular determinants in the determinantal equation in 
terms of minors of |G| and |F|, but let us furthermore expand all minors of |G| 
according to the division in isotopic and non-isotopic minors. All the |F|-minors 
as well as all the non-isotopic |G|-minors are identically the same for all the secular 
determinants. Consequently, the rule must be valid if the corresponding equation is 
valid for all isotopic |G|-minors, these being the only variables. 

In other words: There will exist a complete isotopic frequency rule for a definite 
class of an intermediate compound if all contributing minors of its isotopic G matrix 
may be written as identically the same linear combination of the corresponding minors 
of certain hybrid classes. 

Ås a very simple example let us prove the validity of the complete isotopic 
rule for the B, class of asym-ethylene-d,: 


[(B2)" 2] = 3 [(B,,)? (BOG ] 5 [(B14)"" 0]: 
The G matrices for the B, class and the two hybrid classes are: 


vre 0 (i 0 WeRRORE OR 0 CSR OS 0 i 


0. (4 tHD) 0. 5(4H 4 D) 
0 0 Le 0 


OT (gt Un) lens Sl tr adr 


and, hence, the corresponding isotopic G matrices are: 


(5 (45 + UD) 5 (nm — HD) | (4x 0) 4 fo 0 | 
Bert 0) ES (LE HD)] i | 0 Up) | 0 Un) 


In the isotopic G matrix of the intermediate compound the three principal minors only 
are contributing. We may write these as 


3 (gt ID) | =3 Hr | + 2|4D|. 

(lugt) | =4 UD | 2 |, and 
BCA TUD) 2 (UI D) ml 2 0 11/4 0 
SUE HD) (UA + ID) EKO HD E ro MH ' 


which proves the validity of the determinantal equation. 


4. Some Properties of the Minors of Isotopic G Matrices. 


Because of their fundamental importance we shall in the following state certain 
properties of the minors of the isotopic G matrix. This will allow us to formulate a 
simpler condition for the validity of the complete isotopic rule. The following treatment 

Mat. Fys.Skr., Dan. Vid. Selsk. 1, no. 5. 3 
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is limited to deuterated compounds, but may be extended to cases with more than 
two isotopes. 

The symmetry coordinates, being defined as linear combinations of the cartesian 
displacement coordinates, are given by a coefficient matrix, A. The isotopic symmetry 
coordinates are linear combinations of the cartesian coordinates for the atoms in the 
set in question, the coefficient matrix is a minor of A which we shall refer to as the 
isotopic A matrix, Af. Each row of A” corresponds to a symmetry coordinate and 
each column to a cartesian coordinate of a definite atom. To each column is there- 
fore attached the mass of one of the atoms in the set in question. If we consider a 
definite isotopic molecule we may consequently divide A' into minors, one for each 
isotope, i. e. for a partly deuterated compound into a hydrogen minor AFhkandea 
deuterium minor A?. 

The typical element of the isotopic G matrix, G', is 


GE FE > Me mt Int > (4) 
t 


where am; and 4,4 are elements of A' and w, is the reciprocal mass attached to the 


column no. t. For partly deuterated compounds G%, may be written 


GE K Gå HT GR HD> (5) 
where GÅ, and GP,, may be taken as the typical elements of two new matrices, G7 
and G?, (Note that A7 and A” are minors of Af”, whereas GY and G? are made 
up of the coefficients of 44 and up in G/). 

Any minor of |G'| may be written as a homogenious polynomium in 44 and up 
of a degree equal to the order of the minor. We shall indicate the expansion of a 


principal minor, for instance that of the minor corresponding to symmetry coordi- 
nates no. 1, 2, and 4, in the following way: 


i He 3 z7H?D 2 >HD? 2 DSE 3 
KR = Kio4 Ut Kog Ha lp? Kisg alt Kog Up. 


For the coefficients of an expanded minor of |G'| it is possible to derive the 
following theorems?: 


1. The sum of the coefficients in a principal minor is equal to 1. 
2. The sum of the coefficients in a non-principal minor is equal to 0. 


3. Any coefficient in a principal | G'|-minor of order n equals the sum of the 
squares of certain |A'|-minors of order n. The coefficient, KEY”D", of 4”? up? 
is equal to the sum over all possible minors with n— p columns from AY and p 


5 SgroR DIE i 
columns from A” using the same row (symmetry coordinate) numbers as for the 
given | G'|-minor. 


4. Any coefficient in a non-principal |G'|-minor is equal to the corresponding 
sum of binary products of |A'|-minors. 


1. It is outside the scope of this paper to give the mathematical proofs for the validity of these rules. 
They are based on the fact that A and any minor of it formed by suppressing rows are orthogonal. 


Nr. 5 9 


5. All the coefficients in a principal |G'|-minor may be expressed by the coef- 
ficients KE RENT RH (or by the coefficients K?”, RER KR)Fofkall 
the principal minors of the given |G'|-minor as follows: 


ENE SY FASER pe SEES 

KEDE RE SAREEN RE SE SURT SER SS 

ED E e ny re 30 kr 65 ENS s (es (6) 
KEDE. ==) je 2 AS kr IO EEN, LØ 


elc: 


åg > ål ST: Ps -H? 
or the analogous D-expressions. Here, for instance, DN] KERiskthelsumloverkke 
of all the principal minors of the given one. The numerical coefficients are the 
binomial coefficients. All the relations may be written in the general form: 


KUEDIE DR E SD KE? (Pt NM DD In UDE. Ea fa DE nere ERE Rene (7) 


or the analogous D-expression. 
Ås an example we may consider the case: 
El D 
Grim Tro rs Tyra 
Ai. dal dag dog : dos lt 
(37073255 ER 84 


d41 d42 (43 d44 


where AF has 3 columns and A? only 1. For the coefficients of the minor: 


i FN Hos ”H?D 2 , J7HD? 2 ”D? 3 
| G123 | = K793 4 + Riog UMH Up? K793 Ha MUD + K753 Up 


we get from theorem no. 3: 


H 
K793 = | 491 28 d23/, 


d1 d2 d4f? | d41 dg da” | d42 3 44 |” 
KkED= Ao dog OOA | | do 053 054 |] ao 53 Oo7 sand 
dg1 dgg (34 dsj dg3 (34 dg dg3 d24 
RED ERP EG, 


Al KED? and K?" vanish, as AP has only 1 column. Further we get the following 


relations from theorem no. 5: 
3+ 
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DE ere DEER Dee ENE 
ke ERE KER) ES (REVSER FRE ESKE Mand 
ke DEER ER HE SK 

or the analogous ones, expressing KE: and KED by) KR: 
RT (K2 K2ÆRD) and 
REP E CKPEKD SKP) 


From theorem no. 5 it may be shown that there always exists a scheme comprising 
all the coefficients of all the principal minors of a given symmetry class. This scheme 
may be of the form 


mn 
(&y 
(2) 
[NY 
mn 
(VS) 
mn 
E 


spg 
sl ES ESS Es 
le SES ES ae 
SRESEES SS 


DUE ID In 


All the coefficients of the principal minors of the class in question can be read from 
the scheme in the following way. The coefficients of, for instance, |Gi5, | are found 
by use of columns 1, 2, and 3 only. KE, is given as the fraction of the total number 
of rows having H in all three columns: 4, I ED as the fraction of rows having two H 
and one D in the three columns: 2, and similarly ES =2, . Ry KR = 2, ve =2 
and so on. We shall in the following refer to this scheme as the coefficient-scheme. 


5. Calculation of the Minors of the G Matrix and the Setting Up 
of the Coefficient-Scheme. 


The minors of the isotopic G matrix may be calculated directly from the matrix. 
This is, however, in most cases a rather tedious method, which can only with ad- 
vantage be used for the non-principal minors. The principal minors are more easily 
found by setting up the coefficient-scheme. 

This may be done according to theorem no. 5 (page 9) exclusively from the 
pure H- (or D-) coefficients. These may in turn be calculated either from the AF 


Nr25 ki 


(or A?) matrix by use of theorem no. 3, or as the principal minors of the GY (or G?) 
matrix. If only one or two atoms in the set are substituted it is usually simplest to use 
the A7 (or A?) matrix, as the number of columns and of non-vanishing minors will 
be small. If more atoms are substituted it will usually be necessary to calculate a 
number of pure H- (or D-) coefficients from the GY (or G?) matrix. In both cases 
the coefficient-scheme is set up rather easily by use of a relatively low number of 
coefficients. The calculation of a few more coefficients will allow a check on the 
correctness of the coefficient-scheme. 

Ås the non-isotopic G matrix is diagonal we get all the principal minors of G 
itself almost directly from the coefficient-scheme. 

Ås a simple example we shall construct the coefficient-scheme for the AY class 
of ethylene-d;. The isotopic coordinates are!?: 


Syg == (23 F24= 25 26) 
S16,= (23 P24 425426) 
Syg = 3 (23 — 24 +25 — 26) 
SEA ES AE 


Assuming the deuterium atom to be no. 3, the different matrices are: 


Len Le tee 
ba eee 3 +32 aL BE EL 
tå +l 41 +21 Hi bå +il + +l 

Ai BRET 1590 15175 ADEL 155380 løs Ha Ta nd | 
ae Ea ab re ERNE dg TÅ 
lø ost E> [ 4 MER SELE 1 Er 

Un ker URE 
RET GE +32 BOT REE Er uren 
tg ' ' ' 
$(344 UD) (UD HxH) 4 (Up Ha) 1 (Up NH) 
1 R I Rg 2 1 

G' (pH) 4(3pat UD) 4(UD HH) (UD Ha) 


(4px) 1(4p-4H) 4(34H HD) (Up Ha) 
4(4D— HH) EEN RE EO EET DD) 


The calculation of the minors of G' directly from the matrix is seen to be rather 
tedious. As AP? has only one column the coefficients KP,, K2,, Kl, and KE, are the 
only non-vanishing among the pure D-coefficients. In this special case this is also 
easily seen from G?. All four coefficients are equal to 1. From these data only we 
may construct the coefficient-scheme as follows: The common denominator for the 
coefficients is 4 and we arrange the scheme with 4 rows. The first column (correspond- 


ing to $44) shall hold one D and three H arbitrarily arranged as KY, = 4. The second 


column shall also hold one D and three H as K?, =1, hut as Ko 16 = 0 the D must 
not be placed in the same row as the D in the first column. Likewise the third and 


1 SVEND BRODERSEN, loc. cit. p. 12. 
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the fourth column contain one D each in a row not holding any other D. Thus we 
get the following scheme: 


where the order of the rows is arbitrary. 


6. Condition for the Rule in Terms of the Number 
of Symmetry Coordinates. 


We shall show that it is a sufficient condition for the rule, that none of the 
classes of the full-symmetry compounds contain more than one isotopic symmetry 
coordinate each. 

In this case the isotopic G matrix of any hybrid class is diagonal and its coeffi- 
cient-scheme consists of a single row. The coefficient-scheme of a given class of an 
intermediate compound may be rather complicated, but all the principal | G'|-minors 
(all contributing minors are principal) may be written as the same linear combination 
of the corresponding minors of certain hybrid classes. The form of this linear com- 
bination, and consequently of the determinantal equation, is imediately given by the 
coefficient-scheme for the class of the intermediate compound. The form of the hybrid 
classes are given by the order of H and D in the different rows and the coefficients 
are given by the number of identical rows, divided by the total number of rows. For 
instance the coefficient-scheme and the determinantal equation for the A, class of 
ortho-benzene-d, are: 


IS 


SH| 


(OFF FJELDE] 
[BIF ED KEDE] 
FELT CE ) CE) JE 


IIS | 


Although clearly sufficient, the above given condition need not be a necessary 
one. We have, however, not been able to find any rules for cases not satisfying the 
condition. We think, therefore, that it is in fact also a necessary one. 

The condition for a complete rule, giving the frequencies of a certain class of an 
intermediate compound is, that none of the corresponding classes of the full symmetry 
compounds contain more than one isotopic symmetry coordinate each. 
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This includes even certain cases in which the isotopic substitution does not 
affect all the atoms of a set, but divides it into two (or more) sets so that the number 
of isotopic symmetry coordinates in each symmetry class is reduced to one. Thus, 
for instance, the frequencies of the planar vibrations of benzene-d, are given by those 
of benzene-d, and para-benzene-d» in spite of the fact that there are 3 isotopic coor- 
dinates in each class of para-benzene-d». In this case, however, D%% is to be considered 
as the full symmetry, which means that the para-atoms form a symmetrical set with 
only one isotopic coordinate in each class. 

One may feel such a condition to be so strict that complete rules should be too 
scarce to be of any practical value. In view of the extensive information given by these 
rules, the number of cases in which they are strictly valid, naturally must be expected 
to be rather small. It is, however, in many important cases possible to introduce an 
approximation which considerably increases the number of rules. 


7. Approximate Rules. 


For deuterated hydrocarbons the rules may—as discussed previously?—be split 
intolthreekseparatelrules: (EF forktheshydrogenfstretehing Ffrequeneceies/ & )Eforfthe 
deuterium stretching frequencies, and (3) for the remaining lower frequencies. The 
reason for this is, that the hydrogen and deuterium stretching modes may be given 
almost exclusively by use of definite isotopic symmetry coordinates, which on the 
other hand play a secondary role for the modes corresponding to the lower vibrational 
frequencies. We may therefore split the symmetry coordinates and the coefficient- 
scheme correspondingly. In many cases this will reduce the number of isotopic sym- 
metry coordinates in each class of the full-symmetry compounds to one, thus producing 
new complete rules valid within the given approximation and applicable to the three 
frequency ranges separately. This point will be discussed in detail in our following 
paper on benzene. 


8. Conditions for the Rule in Terms of Molecular Symmetry. 


At this point it is possible to go through all the different point groups, setting up 
all the rules existing. This would, however, require too much space compared to the 
usefullness of the result. We shall, therefore, confine ourselves to a discussion of 
some of the more important point groups. 

C, (no symmetry at all). There is only one atom in each equivalent set and no rules 
exist. 

D%, (linear, symmetrical molecules). All atoms outside the center form sets of two 
atoms each. Partial isotopic substitution in one of these sets yields a compound of 
symmetry C The symmetry classes are: 


æov" 


1 SVEND BRODERSEN and AÅA. LANGSETH, Mat. Fys. Skr. Dan. Vid. Selsk. 1, no. 1 (1956), pag. 44. 
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DYR CÆ 
+ 

SR Ee 

2% 

II, 

ML, Å 


The rules (strictly valid) giving all the frequencies of the C,,,-molecule are: 
[COTE [CARE SFIFE FED D] (8) 
(CDE [TH UDP HET DE II DE]: (9) 


As an example of this point group the acetylene molecule will be discussed 
below. 
C,, (a vertical two-fold aæxis, C,, and two vertical, perpendicular planes, 6, and 06,). 
The numbers of atoms in the different sets are: 


ones] 
into toro buttnotonk esse 
elsewhere: 4 


Only the sets of two atoms each give us any rules. Partial substitution in such a set 
yvields a compound of symmetry C,. The symmetry classes are: 


(eg KOR 
FÅ: 
AV 
B; 
A 
2 A” 
B» 


The out-of-plane frequencies (A”-class) are given by a strictly valid rule 
[ADD] 5 [AB VP] [OB (10) 


The in-plane frequencies (4'-class) are given by an approximate rule which for either 
of the three frequency ranges may be written on the same form: 


KEDE KE ROTE KER LOGO (11) 


C2, (4 vertical two-fold axis, C,, and a horizontal plane, co). The number of atoms 
in the different sets are: 

hbotbhfonmcsrandkingse 

onkcoebutnotingoe 

info buttnotonne 

elsewhere: 


AA NR DD mm 


Again, only the sets of two atoms each give us any rules. Partial substitution in the 
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set on C, yields a compound of symmetry C», but in the set in co, a compound of sym- 
metry C,. The symmetry classes are: 


Con | Cs | C» 
Åg FAN Are 
DE B 
By AA" |———— 
ln Å 


The frequencies of the classes AY (out-of-plane) and Å (parallel) are given by the 
strictly valid rules: 


[ADT TBA PE [BIAS] (12) 
[CO] (AHS ABT [ADR DR]: (13) 
The other frequencies are given by the approximate rules: 
FODFÆSTE EDP] [AN BI DP] (14) 
BE IBIS BIS [EJE BHO (15) 


D»,, (three perpendicular planes). The number of atoms in the sets are 


infallfthreetplåanes: Fl 
in two planes: 2 

in one plane only: 4 
elsewhere: 8 


Here both the sets of two and of four atoms give us some rules. 

Partial substitution in the set in two planes (on a C2-axis) gives a compound of 
symmetry C2,. Partial substitution in the set in one plane only gives compounds of 
different symmetries: one or three deuterium atoms give (,, two nabouring atoms 
gives C,, and two opposite atoms gives C24. The C,-compound may, however, be 
considered as a partially substituted compound of either the C,,- or the C54-com- 
pounds. The symmetry classes are: 


D5% Cs | Cov | Con 
Å 


en A, | 
BR sirene 
Ba B, £ 
By Aj 
By FA Bi 
aud de SER BE 4 
Åru L- É 
Big i B, 


where we have assumed a definite orientation. 
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All the frequencies of the first C,,-compound are given by the strictly valid rules: 
KA) TA VEF EP BP] (16) 


and the analogous rules for the A», By and By, classes. 

For the other three compounds we get strictly valid rules for the A”, 4», B», B, 
and Å, classes viz. the classes with oscillations perpendicular to the plane of the 
equivalent set in question (often the molecular plane). For the A, class we get: 


[(4,)72] ET å [(4,)f (By 2) de] nr 5; (4) (B19)"] ( 1) 


and analogous for the B», B, and A,, classes. For the A” class we get (assuming for 


instance a tri-deuterocompound): 


ANE] == [BP BA) (B,,) 9] 
EG 4 [Bf Ban me BB) | (18) 
HUBS) Bo) (4) (B,,)] | 
En i [(B, DR BD (4) (By DE] . 


But as mentioned above we may consider the C,-compound as a partly substituted 
C2,7 or C,,-compound and use the rules given for these point groups. The result is 
naturally the same, hut the last method is often simpler to use in practice, especially 
if we wish to calculate the frequencies of all the intermediate compounds. The fre- 
quencies of the remaining classes (in-plane) are only given by approximate rules, 
the form of which are analogous to those for the out-of-plane frequencies. 

The ethylene molecule will be discussed below as an example. 


D, , (e. g. benzene). All the out-of-plane and some of the in-plane frequencies of all 
eleven partly deuterated compounds are given by strictly valid rules, all the remaining 
frequencies being given by approximate rules. This case will be dealt with in detail 
in a following paper. 


C,, (e. g. methyl halides) and T, (e. g. methane). No complete rules exist. 


9. Single-Order Rules. 


Ås mentioned above (p. 5) the complete rule may be resolved into a number 
of relations each giving one of the coefficients in the expanded secular equation of 
the given class of the intermediate compound. The first of these relations, giving the 
coefficient c; expressed in terms of first degree in 4, may be called a first-order rule, 
the next one a second-order rule etc. 

If a complete rule does not exist, single-order rules may do. The condition for 
the validity of a single-order rule is the same as for the complete rule, but only in- 
cluding some of the contributing minors. If the class in question has s non-isotopic 
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symmetry coordinates and ft isotopic ones, the condition for a n-order rule will in- 
clude only the minors of orders: n, (n—1), (n—2), ...,(n—s) if n< t and of orders t, 
FED) ES) ENE IE his meansithatitherconditionkforfalfirst"ordertrule 
includes only the first order contributing minors of the isotopic G matrix and these 
are all principal minors. The condition for a highest-order rule—of order (s+ t)— 
includes only one minor of order +, which is |G”| itself. 

The first order rules are usually identical with the sum-rules as formulated by 
Decius and Wirson", The highest-order rules constitute very convenient expressions 
for the product rule if we—according to REDLicH?—insert the value of the ratio of 
frequencies for non-genuine vibrations, if any. 

The condition for, say, a second-order rule is that all contributing minors of 
first and second order can be written as the same linear combination of corresponding 
minors. This condition is much stricter than those for the first and the highest order 
rules, and it is in fact almost as strict as the one for the complete rule. The intermediate- 
order rules are consequently very scarce except for the cases in which the complete 
rule is valid. 


INEEXSAMPEES 


In the following we shall demonstrate the use of the rule by means of two examples, 
acetylene and ethylene. In order to show the most convenient method for carrying 
through such calculations in practice the calculation of the frequencies of acetylene-d; 
is considered in detail. The ethylene molecule is used to discuss the application of 
the approximate, splitted rules. 


1. Acetylene. 


This is a linear, symmetrical molecule of point group D,4,. The equations to be 
used in order to calculate the frequencies of acetylene-d, are given on page 14: 


KE EDP (+ ED) (22) 9] (19) 
[IDØJER IU) OLE IE LIDE 2] (20) 


The frequencies of acetylene-d, and -d, are given in Table 1. Taking the squares 

. 9 9 om sl l.erY ER 5 8 
we get the 4's leaving out the constant 47x?c?, The coefficients of the classes of both 
light and heavy compound are simply for the 27 class: c,=A1+ 4, and c$= 44 4, and 


1 J. C. DEcius and E. B. WiLson, loc. cit. The symmetry condition attached to the stoichiometric 
condition, introduced by these authors, need not necessarily be fulfilled, as will be demonstrated for the non- 


planar vibrations of para-benzene-d,. 
2 0. REDLICH, loc. cit. quoted by E. B. Wizson, Jr., J. C. DEc1us, P. C. Cross: Molecular Vibrations, 


Mc Graw-Hill (1955) p. 183. 
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for the other classes: c,= 4. Now we form the coefficients of the four hybrid classes 
by means of the expressions given on page 5. They have three and two coefficients 
respectively equal to the number of frequencies. Next we form the mean values of 
each coefficient from corresponding hybrid classes, getting according to Eq. (19) 
and (20) the coefficients of acetylene-d;. Solving the secular equations with these 
coefficients we get the frequencies quoted in Table 1. 


TABLE 1. 


Acetylene. Frequencies in cm”". 


Freq. Sym. Class | mn: k | AR | -d; 
No Dee | ce | | | Calc. Calc. — Obs. 
1 3: 337333 2703.56 3335.58 333524 — 0.2 
o DAD 37 1973.5 1764.71 1853575 1853.4 — 0.4 
3 DE 3288.4 | 2439.10 2583.64 2582.6 —1.0 
Uu i 
4 MLS . 611.6 | 511.38 518.31 519.3 EO 
B IL II 799,2 | 538.66 ca 679 677.5 ca —1 
U 


a. H.C. ALLEN, E. D. TIDWELL and E. K. PLYLER, J. Research NBS 57, 213 (1956). M. T. CHRISTEN- 
SEN, D. R. EATOoNn, B. A. GREEN and H. W. TxHomrson, Proc. Roy. Soc. London A 238, 15 (1956). E. E. BELL 
and H. H. NIELSEN, J. Chem. Phys. 18, 1382 (1950). v; is given as the mean value of a resonance doublet: 
3281.9 and 3294.9 cm>. 

b. R. M. TALLEY and A. H. NIELSEN, J. Chem. Phys. 22, 2030 (1954). 

c. H.C, ALLEN, E, D: TIDWELL and E. K., PLYLER, J.Am. Chem..Soc. 78, 30347(1956). "The value 
of v, is from H. M. RANDALL and E. F. BARKER, Phys. Rev. 45, 124, (1934). A value of 687 cm”! has been 
given by F. StIrT, J. Chem. Phys.,8, 56 (1940). 


The agreement between calculated and observed values is much better than 
could be expected for a rule based on the harmonic approximation. The reason for 
this is that the anharmonicity tends to cancel out by this "interpolation” between 
the frequencies for a light and a heavy compound. 

For the value of v, in acetylene-d, we have simply used the mean value of the 
observed doublet: 3281.9 and 3294.9 cm". As the interpretation of this doublet is 
a little in doubt, whereas all the parallel frequencies of acetylene-d, and -d, are well 
known, is seems more interesting to calculate the frequencies of -d, from those of 
-d; and -d,. This is in fact possible on basis of the equations given above, but the 
result is comparatively inaccurate as is to be expected for any extrapolation. It is 
much better (and easier) to vary the doubtful value of v, and find the best fit for the 
frequencies of -d;. This is obtained for v,=3289+2 cm”, which seems to prove that 
the doublet is in fact a resonance doublet with », contributing a little more to the 
component of highest frequency than to the other component. This interpretation is 
confirmed by the intensity and the rotational structure, 


1 Reference a of Table 1. 
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2. Ethylene. 
This molecule of point group Ds has five partly deuterated species: 


-d; and -d; of point group C, 
trans -d, of point group C2% 
cis -d, of point group C%, 
asym-d, of point group C2, 


the remaining axis being differently oriented in the last two compounds. The fre- 
quencies are distributed over the symmetry classes in the following way: 


-dg and - d4 | asym-do cis- dg trans-dg -d; and -d2 
A 1555 ik ra 18285 dRoE SE id 3 
ER eee SK Åg As : 
Bi, 5,6 EL 9,10 5, 6 É 5, 6, 
Boe 9, 10 5, 6, 5, 6, 9,10 ORTON 
B 11,12 Hi 9,10 E mm? By 1712 1112 
34 2 3 ) ea bå ” 
du i Bo 7,8 Bos 7 By 8 
Bu 7 = AV 4, Te) 
BE Eg As 4 AB 4,8 LAS ARR 


Equations expressing the frequencies of the partly deuterated compounds in 
terms of those of -d, and -d, are given above (p. 15)”. 

The out-of-plane frequencies are easily calculated by means of the strictly valid 
rules. In order to calculate the in-plane frequencies we have to use the approximate 
rules based on the separation of the frequencies in 1. low frequencies, 2. deuterium 
stretching frequencies, and 3. hydrogen stretching frequencies. As the rules are of 
the same form for all three kinds of frequencies we may handle these either separately 
or jointly. The result should within the approximation be the same. In practice it is 
always easiest to handle the frequencies separately. 

The low in-plane frequencies (no. 2, 3, 6, 10 and 12) of asym-d,, cis-d, and 
trans-d, are calculated in the usual way. The frequencies of -d, and -d, are then 
calculated on basis of the frequencies of any of these compounds and -d, or -d, using 
the equations for the point groups C%, or Cox (p- 14). Here we should use the coeffi- 
cients of the composite classes of the D,,-compounds considered as a compound of 
lower symmetry. These we get by the same procedure as for hybrid classes (p. 5). 

When calculating the high frequencies (no. 1, 5, 9 and 11) separately as deu- 
terium or hydrogen frequencies some of the frequencies to be used are missing, 
which is, however, a further simplification. For instance the hydrogen frequency of 
the A, class of asym-d, is to be calculated from the rule 


[OD JE [DE BETTE (AD BE IØ. (21) 


1 The symbols used here are those of Herzberg (Infrared and Raman Spectra, von Nostrand, 1955). The 
orientation used on p. 15 is different from this in order to be consistent with our forthcoming paper on benzene. 


TABLE 2; 


Ethylene. 
Observed 
1 


Calculated + Frequencies in cm". 
Calculated—Observed | 


FS«—m———«—&CO———m——————m——«————««Q$QqQ”O—=—=—««&C&CCCCCCQqO!/CCS&&&S&CSCQO”!C/QCCCCO—Q"QOQQT&C&COQC&C&%CGC TT —————— 


Freq. -do -d; asym-dø cis-dg trans-dg -dg -d4 
No. 
3026 3002 . 3017 2299 2285 2281 2260 
1 3005 3098 2303 2285 2284 
Næs Br) dl 0 3 
ER 1623 1606 1585 1571 1571 1547 1518 
2 1595 1581 1554 1567 1539 
41 —Å — 17 — 10 — 8 
1342 1290 1031 1218 1286 1045 985 
3 1299 1030 1232 1299 1044 
mo | (4 2 8 BST 
EE 1027 1000 unobs. unobs. 988 765 726 
4 1002 889 983 989 767 
at; 9 +-1 + 2 
3103 3061 2334 3054 3045 2332 2310 
B 3059 2328 3047 3065 2331 
9 Es EDER + 20 En 
1236 1129 1150 1039 1004 999 1011 
6 TIT BADE 2150 1022 1002 1001 
9 0 Eg £9) Eng) 
949 808 751 842 726 724 720 
7 808 153 842 722 722 
0 30) 0 = fl ==, 
947 944 943 763 864 919 785 
8 948 948 762 870 9927 
EA at 3 il 6 BE 9) 
3106 3096 3093 3059 3065 3049 2345 
9 3105 3105 3066 3048 3056 
RE) ne 440) Bue ze m Eem 
810 713 660 646 678 610 584 
10 717 671 649 661 617 
dr gl BE te ms) 7 SES 
2990 2276 2230 2254 2573 3595 2200 
fl! 2279 2230 2255 2273 2222 
i 2 0 ala] 0 (0) 
1444 1401 1384 1342 1299 1289 1078 
12 1401 1384 1354 1298 1299 
0 0 ng 36) Si SU) 


£ For referencies see SVEND BRODERSEN, loc. cit. p. 15. 
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Here the -d, classes only contain hydrogen frequencies (no. 1 and 11 resp.) and the 
hybrid classes consequently contain the same frequencies only. The equation, there- 
fore, simply states that the hydrogen frequency of the A, class of asym-d, is the mean 
value of no. 1 and no. 11 of -d,. (Strictly speaking, the mean value should be made 
from the 4's, but the difference is usually insignificant for high frequencies). 

The frequencies used and the result of the calculation are given in Table 2. The 
agreement with the observed values is not as good as for acetylene-d,, but at least as 
good as for the frequencies calculated from a complete, harmonic potential function”. 
Naturally the agreement could not be expected to be as good for the approximate rules 
as for the strictly valid ones. ÅA part of the deviation is doubtless due to experimental 
errors, as well as there may be assignment errors. 


| | | | 
2200 2300 3000 3100 cm" 


Fist 


The results of the calculations are conveniently illustrated by diagrams analo- 
gous to those used previously for sym-benzene-d,”. These diagrams are always very 
useful as illustrations of rules giving a determinant as the mean value of those of two 
hybrid classes. The calculated high frequencies are scetched in Fig. 1. 


1 SVEND BRODERSEN, loc. cit. p.16. 
2 SVEND BRODERSEN and A. LANGSETH, loc. cit. p. 37—39. 
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